IntroductIon
C ytochrome P450 monooxygenases (P450s) belong to the enzyme class of the oxidoreductases and represent one of the largest known superfamilies of enzyme proteins. 1 P450s catalyze the oxidation and reduction of a wide variety of endogenous and xenobiotic compounds. 2, 3 In addition, they are capable of introducing atomic oxygen into allylic positions, double bonds, or even nonactivated c-h bonds. 4 although P450-mediated metabolism usually inactivates a xenobiotic, metabolites produced by P450s may also have important pharmacological activities or be responsible for the toxicity or unwanted pharmacological side effects of xenobiotics. 5, 6 to be able to identify the formation of such active metabolites early on in the drug development process, systems are needed that enable the facile biosynthesis of sufficient quantities of active metabolites for structural elucidation and pharmacological and toxicological evaluation. 4 a very promising candidate to achieve this goal is the microbial P450 bm3 (cyP102a) from Bacillus megaterium because it is the most active P450 so far identified and is a soluble and highly stable enzyme. 7 P450 bm3 is a catalytically selfsufficient flavocytochrome containing a P450 heme domain and a β-nicotinamide adenine dinucleotide phosphate (naDPh)dependent diflavin reductase domain in 1 polypeptide chain. 8 these characteristics, in combination with the availability of crystal structures and large-scale production and purification protocols, make P450 bm3 an ideal candidate for protein engineering and application in biocatalytic processes. rational design and directed evolution have already been successfully employed, both separately and in tandem, to generate P450 bm3 mutants that are capable of metabolizing both native and nonnative substrates with increased activities and altered regio-and stereoselectivities. these substrates include aromatics, 9 alkanes, 10 hydrocarbons, 11 carboxylic acids, 12 and pharmaceuticals. [13] [14] [15] [16] [17] [18] a bottleneck in the identification of novel P450 bm3 mutants generated by random or saturation mutagenesis techniques is the screening process. Direct monitoring of the reaction of interest by either gas chromatography (gc) or liquid chromatography/mass spectrometry (lc/ms) is time-consuming, requires costly equipment, and is not suitable for high-throughput screening (hts). to overcome these limitations, several colorimetric hts assays have been developed that make use of the Purpald, 19 4-aaP, 20 or nbP assay 21 ; monitor naDPh consumption 22 ; measure indigo formation 23 ; or are based on the conversion of pnca. 24 although these assays are suitable to screen bm3 libraries for mutants with improved properties, some limitations still exist. For example, measuring improved catalytic activity by monitoring cofactor depletion 22 is not very sensitive, and uncoupling of the mutant enzymes can result in false-positive signals. 25 lussenburg et al. 26 have developed a sensitive fluorescence-based hts assay that is based on the O-dealkylation of drug-like alkoxyresorufin molecules to yield the extremely fluorescent resorufin product. 27, 28 Inhibition studies with this assay enabled the identification of novel ligands that are able to bind to P450 bm3 mutants. In the present study, this fluorescence-based screening assay was translated into a continuous-flow bioassay and applied to test affinities of compound series toward bm3 mutants.
It has already been shown by Kool et al. [29] [30] [31] that flow injection analysis (FIa) can be used to determine affinities of ligands toward P450s in an enzyme affinity detection (eaD) setup. the aim of this study was to use the same strategy to develop an alternative approach to screen bm3 mutants for diversity, and for this purpose, 3 different eaD setups were used. In the first setup, mutants were injected and mixed on-line with the substrate allyloxyresorufin and the cofactor (naDPh) to screen for mutant diversity by monitoring the allyloxyresorufin O-dealkylation (aroD) activities. In the second setup, different amounts of allyloxyresorufin were injected and mixed on-line with the enzyme and naDPh to determine enzyme kinetics and further investigate the kinetic differences between mutants. In the third setup, a selection of drug-like molecules were injected and mixed on-line with enzyme, allyloxyresorufin, and naDPh to perform on-line affinity profiling and investigate a selection of mutants for differences in inhibition patterns. structural differences in the active site can influence the inhibition pattern of a bm3 mutant and can possibly lead to altered substrate selectivities and/or an altered metabolic regiospecificity. We subsequently tested if the differences in affinity profiling are predictive for alterations in the bm3 mutantmediated metabolism of the drug buspirone. We demonstrate here that on-line affinity profiling can be used as a tool to reflect changes in regiospecificity between bm3 mutants.
MAterIALS And MethodS

Chemicals
all solvents used were of high purity for high-performance liquid chromatography (hPlc) and purchased from sigmaaldrich (zwijndrecht, the netherlands) unless stated otherwise. ethylenediaminetetraacetic acid (eDta), dithiothreitol (Dtt), and naDPh were obtained from applichem (lokeren, belgium). Dmso potassium dihydrogenphosphate (Kh 2 Po 4 ) and dipotassium hydrogenphosphate (K 2 hPo 4 ) were obtained from riedel de haën (seelze, germany). enzyme-linked immunosorbent assay (elIsa) blocking reagent was purchased from roche (mannheim, germany). glucose-6-phosphate and glucose-6-phosphate dehydrogenase were purchased from sigma-aldrich. all other chemicals were of analytical grade and obtained from standard suppliers unless stated otherwise.
Synthesis
7-methoxy-and 7-ethoxyresorufin were synthesized as described previously. 32 7-allyloxyresorufin was synthesized from resorufin as the starting material as follows. to a solution of resorufin sodium salt (50 mg, 213 µmol) in dry dimethylformamide (DmF; 10 ml), allyl bromide (500 µl, 4.13 mmol) was added. subsequently, the reaction mixture was sonicated for 4 h at 30 °c under an atmosphere of nitrogen. the color of the purple suspension gradually turned to a clear dark orange solution. completion of the reaction was followed by thin-layer chromatography (tlc), as described previously. 32 after completion of the reaction, the mixture was added to 250 ml icecold water and extracted with ethyl acetate (etoac). the organic extract was dried over anhydrous na 2 so 4 , filtered, and concentrated by rotary evaporation. after reuptake in 200 ml etoac, residues of DmF and remaining traces of the highly fluorescent resorufin were removed by repeated washing with ice-cold 1% nahco 3 . after evaporation of the organic solvent to dryness, an orange residue resulted, which, according to 1 h-nuclear magnetic resonance (nmr), consisted of 7allyloxyresorufin (>95% pure). 1 h-nmr (400.13 mhz, Dmso-d 6 ): δ 7.76 (1h, d, J = 8.8 hz), 7.51 (1h, d, J = 9.8 hz), 7.11 (1h, d, J = 2.6 hz), 7.06 (1h, dd, J = 8.8, 2.6 hz), 6.77 (1h, dd, J = 9.8, 1.9 hz), 6.25 (1h, d, J = 1.9 hz), 6.05 (1h, ddt, J = 17.2, 10.8, 6.0 hz), 5.43 (1h, dd, J = 17.2, 1.5 hz), 5.30 (1h, d, J = 10.8, 1.5 hz), 4.73 (1h, d, J = 6.0 hz).
Enzymes and plasmids
the bacterial P450 bm3 mutants m01, m02, m05, and m11 in the pet28a+ vector were described previously. 28 Five different site-directed mutants of bm3 m01 were constructed: a74e (mt41), s72D (mt43), s72e (mt44), a82W (mt80), and a82c (mt81). seven different site-directed mutants of bm3 m11 were constructed: l437e (mt32), l437n (mt33), l437s (mt35), l437t (mt36), a74e (mt34), a74D (mt37), and s72D (mt38). the mutations (see Supplemental table S1) were introduced into the corresponding templates in the pbsIIKs + -bm3 vector using the Quickchange site-Directed mutagenesis Kit (stratagene, la Jolla, ca) and the appropriate forward (see Supplemental table S2 ) and reverse Pcr primers with altered residues. after mutagenesis, the presence of the desired mutations was confirmed by Dna sequencing (service xs, leiden, the netherlands). the genes of these 12 sitedirected mutants were cloned from the pbsIIKs + -bm3 system, where they reside between the BamHI/EcoRI restriction sites, into the pet28a+ vector as described previously. 33 the resulting his-tagged P450 bm3 mutants mt32, mt33, mt34, mt35, mt36, mt37, mt38, mt41, mt43, mt44, mt80, and mt81 were used in this study. construction of the library of site-directed mutants at the 87 residue in m11 was performed in a similar fashion and has been described in detail elsewhere. 34 the m01, m02, m05, and m11 mutant proteins were expressed as described previously. 13 the his-tagged pet28a+ constructs of all other mutants used in this study were transformed into Escherichia coli bl21 (De3) cells using standard procedures. For expression, 600 ml terrific broth (tb) 35 medium (24 g/l yeast extract, 12 g/l tryptone, 4 ml/l glycerol) with 30 µg/ml kanamycin was inoculated with 15 ml of an overnight culture. the cells were grown at 175 rpm and 37 °c until the oD 600 reached 0.6. then, protein expression was induced by the addition of 0.6 mm isopropyl-β-Dthiogalactopyrasonide (IPtg). the temperature was lowered to 20 °c, and 0.5 mm of the heme precursor δ-aminolevulinic acid was added. expression was allowed to proceed for 18 h. cells were harvested by centrifugation (4600 g, 4 °c, 25 min), and the pellet was resuspended in 20 ml KPi-glycerol buffer (100 mm potassium phosphate [KPi] ph 7.4, 10% glycerol, 0.5 mm eDta, and 0.25 mm Dtt). cells were disrupted using a French press (1000 psi, 3 repeats), and the cytosolic fraction was separated from the membrane fraction by ultracentrifugation of the lysate (120,000 g, 4 °c, 60 min).
Instrumentation
two Knauer K-500 hPlc pumps (berlin, germany) were used to control the 120-ml superloops, made in house, containing enzyme (bm3) and cofactor/substrate (naDPh/allyloxyresorufin), respectively, and 1 Knauer K-500 hPlc pump was used for delivery of the injected samples. the bm3 and naDPh/allyloxyresorufin solutions were prepared in potassium phosphate buffer (100 mm; ph 7.4). both superloops were kept on ice. Flow restrictors were inserted between the pumps and the superloops to ensure proper operation of the pumps at low flow rates. the flow restrictors consisted of natural polyetheretherketone (PeeK) tubing and gave back pressures of approximately 50 bar. the pressure limits of the pumps were set 20 bar higher than the working pressure, and VIcI Jour backpressure regulators (schenkon, switzerland) were inserted after the superloops to prevent damage due to possible clogging of the system. For injections of samples, a gilson 234 autoinjector (Villiers-le-bel, France) equipped with a rheodyne (bensheim, germany) 6-port injection valve (injection loop, 10 µl) was used. to maintain reaction coils at a constant temperature, a shimadzu cto-10ac column oven (Duisburg, germany) was integrated in the system. an agilent 1100 (Waldbronn, germany) series fluorescence detector (λ ex 530 nm; λ em 580 nm) was used for monitoring fluorescence. all hardware was integrated in 1 system by Kiadis b.V. (groningen, the netherlands) and was controlled by software developed by Kiadis b.V.
BM3 activity screening in microplate reader format
microplate reader assays were used for validation of the bm3 eaD system in FIa mode and were carried out in blackbottomed PP-96-well microplates from greiner bio-one (alphen a/d rijn, the netherlands) in a final volume of 250 µl. the assay is based on the O-dealkylation of alkoxyresorufins by bm3 to form the highly fluorescent product resorufin. the fluorescence of resorufin was measured at λ ex 530 nm (bandwith 8 nm) and λ em 580 nm (bandwith 30 nm) on a Victor 2 1420 multilabel counter (Wallac, turku, Finland).
to determine the activity of a selected part of the bm3 library (m01, m02, m05, m11, mt32, mt33, mt34, mt35, mt36, mt37, mt38, mt41, mt43, mt44, mt80, and mt81) toward the 2 probe substrates (methoxyresorufin and ethoxyresorufin) and the activity of the total library toward allyloxyresorufin, experiments were carried out at 24 °c with well volumes of 125 µl assay buffer (potassium phosphate buffer [100 mm; ph 7.4]) containing 100 nm of bm3. alkoxyresorufins (25 µl) were introduced for preincubation in the assay buffer at a final concentration of 10 µm. the alkoxyresorufin stock solutions were prepared in 50% Dmso in assay buffer. reactions were initiated by addition of 100 µl of naDPh, resulting in a final naDPh concentration of 100 µm. the increase in resorufin fluorescence was measured each minute over 6 min. the initial linear increase in resorufin fluorescence was taken as a measure of the enzymatic activity. all experiments were performed in triplicate.
Enzyme kinetics of BM3-mediated AROD activity
enzyme kinetic measurement to determine K m and V max values toward the substrate allyloxyresorufin for a selection of bm3 mutants was performed off-line on a shimadzu rF-1501 spectrofluorometer (λ ex 530 nm; λ em 580 nm). all measurements were performed in duplicate at 24 °c in a total volume of 1 ml, and for all experiments, potassium phosphate buffer (100 mm; ph 7.4) was used. bm3 was introduced in the assay in buffer at a final concentration of 20 nm. the allyloxyresorufin stock solution was prepared in Dmso, and dilutions were made in the same solvent. allyloxyresorufin was introduced into the assay for preincubation at concentrations ranging from 5 nm to 100 µm with a final Dmso concentration of 5%. reactions were initiated by addition of 100 µl of naDPh, resulting in a final concentration of 100 µm. the increase in resorufin fluorescence was measured over 2 min, and the initial linear increase in resorufin fluorescence was a measure of the enzymatic activity.
reaction rates were calculated and plotted against the substrate concentrations to obtain michaelis-menten curves, and the "1-site binding hyperbola" fitting module of graphPad Prism 3.0 (graphPad software, la Jolla, ca) was used to estimate K m and V max values.
Optimization of the BM3 EAD in FIA mode
a schematic overview of the eaD system in FIa mode is depicted in Figure 1 . In this system, the flow from a superloop containing P450 bm3 is continuously mixed with a flow from a superloop containing a mixture of substrate (allyloxyresorufin) and cofactor (300 µm naDPh). samples (10 µl) are introduced into the system by flow injection into a carrier solution (100 mm potassium phosphate buffer; ph 7.4) at a flow rate of 100 µl/min. Injected compounds and bm3, added to the carrier stream via an inverted y-type mixing union at a flow rate of 100 µl/min, are allowed to bind in a knitted 0.5-mm i.d. PtFe reaction coil (50 µl). this mixture is combined with the flow of the allyloxyresorufin/naDPh solution of 100 µl/min. after mixing in a knitted 0.5-mm i.d. PtFe reaction coil (250 µl), the substrate allyloxyresorufin is converted into the highly fluorescent product resorufin. the temperature of both reaction coils is maintained constant at 24 °c. eluting ligands (i.e., both inhibitors and substrates) competing with allyloxyresorufin for the active site of the bm3 mutants concerned cause a (temporarily) decreased production of resorufin that is monitored fluorescently directly after the second reaction coil.
the bm3 eaD setup was optimized both for assay sensitivity (signal-to-noise ratio) and assay resolution (band broadening) for the bm3 mutant m11 by varying reaction times and investigating the influence of additives (tween 20, Peg 3350, and elIsa blocking reagent) and solvents (acn, meoh, and Dmso).
BM3 activity screening in FIA mode. to test the activity of the different mutants toward the substrate allyloxyresorufin, a slightly different eaD setup was used. the superloop containing P450 bm3 was replaced by a loop containing only potassium phosphate buffer (100 mm; ph 7.4). the different bm3 mutants (10 pmol) were introduced into the system by flow injection into a carrier solution (100 mm potassium phosphate buffer; ph 7.4) at a flow rate of 100 µl/min. the activity of the different bm3 mutants toward allyloxyresorufin (5 µm) was determined by quantifying the fluorescent signal of the corresponding resorufin product peak formed.
Enzyme kinetics of BM-mediated AROD activity in FIA mode. to determine K m and V max values of the O-dealkylation of the substrate allyloxyresorufin by a selection of bm3 mutants, a slightly different eaD setup was used. the substrate was not added to the substrate/cofactor loop, which then only contained naDPh. Injection volumes of 10 µl allyloxyresorufin with different concentrations (0, 6.25, 12.5, 18.8, 25, 37.5, 50, 62.5, 75, 100, 125, 150, 200, 250, 300, 400, 500, and 600 µm) were introduced into the system by flow injection into a carrier solution (100 mm potassium phosphate buffer; ph 7.4) at a flow rate of 100 µl/min. the aroD activity of the different bm3 mutants (20 nm) at a specific allyloxyresorufin concentration was determined by quantifying the fluorescent signal of the resorufin product peak formed using a standard curve of the reference compound (50 nm to 500 µm). Product peaks were integrated with acD/specmanager 6.0 (advanced chemistry Development, Inc., toronto, canada). reaction rates were calculated and plotted against the substrate concentrations to obtain michaelis-menten curves, and the 1-site binding hyperbola fitting module of graphPad Prism 3.0 was used to estimate K m and V max values.
to determine the dilution factor, known resorufin concentrations were injected to determine peak heights, and the same resorufin concentrations were subsequently added to the carrier solution. the increase in fluorescence after equilibration was compared with the peak heights of the resorufin standards. the data obtained were used to calculate a dilution factor of 17.5 (5.7% of the injected concentration).
BM3 affinity profiling in FIA mode. the affinity profile of 6 bm3 mutants (m02, m11, m11 V87a, mt35, mt43, and mt80) toward a set of 30 compounds (amitriptyline 3 , buspirone 4 , aripiprazole 5 , dextromethorphan 6 , duloxetine 7 , nifedipine 8 , midazolam 9 , thioridazine 10 , ondansetron 11 , imatinib 12 , omeprazole 13 , rosiglitazone 14 , paroxetine 15 , norethisterone 16 , resveratrol 17 , dihydrobenzophenone 18 , 17α-ethinylestradiol (ee2) 19 , bisphenol a (bPa) 20 , 17α-estradiol (αe2) 21 , diethylstilbestrol (Des) 22 , FIG. 1. schematic overview of the flow injection analysis P450 bm3 enzyme affinity detection system. samples are introduced into the carrier solution by an autoinjector (a.I.) and are mixed in the first reaction coil with bm3 delivered by superloop-1 (sl-1). In the second reaction coil, the probe substrate (alkoxyresorufin) and cofactor (naDPh) are added to the mix by superloop-2 (sl-2). ligands temporarily inhibit fluorescent product formation, which is monitored by a fluorescence (FlD) detector. estrone (e1) 23 , hexestrol 24 , 17β-estradiol (e2) 25 , estriol (e3) 26 , benzophenone-3 (bP3) 27 , aldrin 28 , testosterone 29 , tramadol 30 , imidazole 31 , and ketoconazole 32 ) was measured in the standard eaD setup. compounds (3 nmol, with the exception of ketoconazole [300 pmol]) were introduced into the system by flow injection into a potassium phosphate (100 mm; ph 7.4) carrier solution at a flow rate of 100 µl/min. the final bm3, allyloxyresorufin, and naDPh concentrations in the second reaction coil were 20 nm, 5 µm, and 100 µm, respectively, with the exception of mt80 (50 nm enzyme concentration). Injection of compounds with bm3 affinity caused a temporary decrease in resorufin formation and resulted in a negative peak in the eaD system. the difference in product formation (ΔPF) was calculated by subtracting the signal detected at the bottom of the negative peak from the signal detected at the start of the same negative peak. the percentage of inhibition for a specific compound was calculated by subtracting the signal decrease caused by Dmso (ΔPF Dmso ) from the ΔPF of the compound in question and dividing this value (ΔPF eff ) by the difference between the uninhibited product formation signal and the fluorescent signal without naDPh (no product formation).
to measure possible quenching of resorufin fluorescence by the compounds used, all compounds were also tested in the bm3 eaD system in which the substrate allyloxyresorufin was replaced by the product resorufin at a concentration similar to that formed during reaction in the optimized bm3 eaD system.
BM3-mediated metabolism of the drug buspirone
metabolic incubations for the drug buspirone were performed in 100 mm potassium phosphate buffer (ph 7.4) with the cytosolic fraction containing 500 nm of the different bm3 mutants and a 200-µm substrate concentration. the final volume of the incubations was 250 µl, and the final Dmso concentration was always 5%. the reactions were initiated by addition of 50 µl of an naDPh-regenerating system, resulting in final concentrations of 0.5 mm naDPh, 7 mm glucose-6-phosphate, and 0.5 units/ml glucose-6-phosphate dehydrogenase. the reaction was allowed to proceed for 90 min at 24 °c and was terminated by the addition of 500 µl ice-cold acn. Following centrifugation at 14,000 rpm for 10 min, 400 µl of supernatant was mixed with 200 µl of water, and the sample was analyzed by lc/ms. all reactions were performed in duplicate.
metabolites and parent compounds were analyzed by reversed-phase chromatography using a Prodigy max-rP (Phenomenex, luna 5µ, 150 × 4.6 mm i.d.), which was eluted by a binary gradient, composed of solvent a (0.1% formic acid in water) and solvent b (0.1% formic acid in acn), at a total flow rate of 0.4 ml/min. the gradient applied was as follows: constant at 10% acn for 1 min, linear from 10% acn to 40% acn in 16.5 min, constant at this percentage of acn for 0.5 min, linear increase to 95% acn in 0.01 min, constant for 5 min, linear decrease to 10% acn in 0.01 min, constant for 7 min. For identification of parent and metabolites, a Finnigan lcQ Deca mass spectrometer (thermoQuest-Finnigan, san Jose, ca) was used with positive electron spray ionization (esI). n 2 was used as a sheath gas (60 psi) and auxiliary gas (10 psi), the needle voltage was 5000 V, and the heated capillary was at 150 °c. lc/ms/ms data of the parents and metabolites were processed with xcalibur/Qual browser version 1.2 (thermoQuest-Finnigan). an UV/VIs detector (254 nm) was placed in series with the ms for quantification. standard curves of the substrates were used to estimate the concentrations of the metabolites, assuming that the extinction coefficients of the metabolites are equal to that of the corresponding substrates. standard curves of the substrates were linear between 0.5 and 200 µm (data not shown).
reSuLtS And dIScuSSIon
the aim of this study was to develop an alternative approach to screen bm3 mutants for diversity. to achieve this goal, it was decided to use a continuous-flow bioassay setup analogously to the methods developed by Kool et al. 29, 30 for rat and human P450s.
Alkoxyresorufin O-dealkylation activity screening
the bm3 mutants used for the alkoxyresorufin screening were shown to be active toward several drug-like molecules in previous studies. 13, 14, 28, 36 activities of these mutants toward methoxyresorufin, ethoxyresorufin, and allyloxyresorufin were measured in microplate reader format to determine which of these 3 alkoxyresorufins yielded the highest amount of O-dealkylation. the screening results (Fig. 2) clearly demonstrated that the overall aroD activity was high and that this activity is much higher than the observed methoxyresorufin O-dealkylation (mroD) and ethoxyresorufin O-dealkylation (eroD) activities. the lowest overall activity was observed for the substrate methoxyresorufin, which is in agreement with the results published by lussenburg et al., 26 who reported low mroD activities for bm3 mutants that contained the same mutations (r47l, l188Q, and F87V) as the mutants used in this study. based on the screening results, allyloxyresorufin was selected as the substrate of choice for further development of the bm3 eaD system.
Optimization of the BM3 EAD in FIA mode
In the FIa eaD system (Fig. 1) , bm3 is continuously mixed with the substrate allyloxyresorufin and the cofactor naDPh to produce the highly fluorescent resorufin. compounds are introduced into the assay by a carrier solution and are allowed to bind to the enzyme in a first reaction coil. after this first coil, the substrate/cofactor mix is introduced, which can react with the unoccupied enzyme in a second reaction coil. eluting ligands temporarily inhibit product formation, thus allowing fluorescent detection of enzyme binding directly after the second reaction coil. the next step in the developmental process was to optimize the bm3 eaD setup both for assay sensitivity (signal-to-noise ratio) and assay resolution (band broadening) using m11. the effect of the reaction time on the assay performance was tested by varying the length of the second reaction coil (50, 100, 125, 250, and 500 µl) and subsequently determining the fluorescent signal decrease after injection of 300 pmol ketoconazole (100% inhibition). the overall assay window was high because the noise of the bm3 eaD system was less than 1% of the maximal inhibition signal for all coil lengths tested (data not shown). Up to a volume of 250 µl, the maximum inhibition signal continued to increase without major peak broadening effects. at a coil volume of 500 µl, the increase in peak broadening was significantly higher than the increase of the inhibition signal (data not shown), and therefore it was decided to use a coil volume of 250 µl (which corresponds to a reaction time of 0.83 min).
addition of the detergent tween 20, which has been demonstrated to increase resolution, 29 had a negative effect on the assay performance. the polymer Peg 3350 and the additive elIsa blocking reagent, which may increase resolution, 29 were tested at different concentrations but did not improve the resolution when the inhibitor ketoconazole was injected (data not shown). It was therefore decided not to make use of additives in the screening setup. solvent effects were investigated by injection of different solvents (acn, meoh, and Dmso) in different concentrations (ranging from 1%-10%) in duplicate. It was demonstrated that for all 3 solvents, the inhibition increased linearly with the amount of solvent injected. the linear increase in signal was higher for acn and Dmso than for meoh (data not shown). however, because most drug-like compounds have very poor solubility in nonorganic solvents at mm concentrations but do dissolve in Dmso, it was decided to use Dmso as the organic solvent of choice to make compound stock solutions but to keep the percentage in the samples as low as possible (3%).
Using the optimized assay conditions, a series of amitriptyline injections (3% of Dmso in sample; final reaction coil concentrations ranging from 1-57 µm) was performed in triplicate to test the performance of the FIa eaD system. From Figure 3 , it can be observed that injections of the water blank only caused minor injection peaks and corresponding decreases in signal. the triplicate injection of 0.2 nmol amitriptyline caused a temporary decrease of the fluorescent signal, which is partly caused by the Dmso present in the sample. however, the injections of higher concentrations of amitriptyline with the same Dmso percentage caused an increased signal decrease, which indicated that the inhibition was amitriptyline dependent. It can be observed from Figure 3 that the assay performance was highly reproducible (standard deviation for the triplicates was below 5%) and that the noise of the bm3 eaD was very low (less than 1% of the maximal inhibition signal). Duplicate injections were also measured in a staggered fashion (e.g., 1 injection for each condition followed by second injection for each condition) and gave similar results (data not shown).
BM3 activity screening in FIA mode. the next step of the developmental process was to investigate if the continuous-flow bioassay setup could be adapted to test the enzymatic activity of the total library of 32 bm3 mutants toward allyloxyresorufin. the results of the FIa mutant screening are depicted in Figure 4 . these results clearly demonstrate that the aroD activity of the library of bm3 mutants can be measured in a FIa eaD setup and that differences exist between mutants. the reproducibility of the screening assay is high because the overall precision (coefficient of variation [cV]) was less than 5%. to verify the FIa eaD results, mutant activities were also measured in microplate reader format, and it was found that the results in the FIa eaD setup corresponded to those measured in the microplate reader format (data not shown). In addition, for the site-directed mutants of m11 targeting the 87 residue, the activities in the continuous-flow setup also corresponded very well with the results of Vottero et al. 34 because they also determined high aroD activities for m11, m11 V87a, and m11 87y and very low activities for m11 V87r, m11 V87K, m11 V87m, and m11 V87W.
these results clearly show that a continuous-flow approach can be used to screen bm3 mutant libraries for diversity toward alkoxyresorufins. the advantage of this approach over the microplate reader format is the ease of automation and the improvement in speed. another advantage is that a simple hPlc fluorescence detector is used for the assay readout instead of a costly microplate reader. the setup used for the mutant screening can in principle also be used to screen the activities of bm3 mutant libraries toward other substrates that generate a fluorescent readout to quickly gather detailed information about the diversity of the mutants.
Enzyme kinetics of BM3-mediated AROD activities in FIA mode. after screening the bm3 library for diversity based on its activity toward allyloxyresorufin, a number of mutants were selected to further investigate if kinetic differences existed between these mutants. In addition, to be able to compare affinity profiles between different enzymes, it is very important to measure the inhibition at a substrate concentration that is near the K m value for the enzyme investigated. the mutants m02, m11, m11 V87a, mt35, mt43, and mt80 were selected based on the aroD activity screening results and the fact that they contain mutations at different positions in the active site of the enzyme. In addition, for the mutants m02, m11, mt35, and mt43, it has already been shown within our lab (data not shown) that for the metabolism of drug-like compounds, (minor) changes in metabolic profile occur, which can indicate that different binding orientations exist between these mutants. enzyme kinetics was determined for the selected mutants as described above. the total amount of allyloxyresorufin injected was used to calculate the maximum concentration in the reaction coil. the dilution factor of the injected compound was determined in a similar way as described for the rat liver microsomalbased P450 1a eaD system by Kool et al. 29 an example of the activity of m11 at different substrate concentrations is depicted FIG. 4. allyloxyresorufin O-dealkylation (aroD) specificities of the total library of bm3 mutants measured in an adapted flow injection analysis (FIa) enzyme affinity detection (eaD) setup. In the adapted FIa eaD setup, the superloop containing P450 bm3 was replaced by a loop containing only buffer. the different bm3 mutants (10 pmol) were introduced into the system by flow injection. the activity of the different bm3 mutants toward allyloxyresorufin (5 µm) was determined by quantifying the fluorescent signal of the corresponding resorufin product peak formed.
in Figure 5 . For all tested mutants, V/[s] curves could be constructed, and the kinetic parameters were determined (see table  1 ). enzyme kinetics also was determined in an off-line fashion to verify the on-line FIa results, and again the bm3-mediated aroD activities displayed typical michaelis-menten kinetics (R 2 > 0.96 for all tested mutants) in all cases. It can be seen from table 1 that the K m and V max values determined in both setups corresponded relatively well. the apparent clearances (V max divided by K m ) show that differences exist between the mutants, demonstrating that this continuous-flow approach can be used to screen the mutants for diversity.
advantages of the continuous-flow setup over the microplate reader format for the determination of enzyme kinetics are again the ease of automation, the improvement in speed, and the simple assay readout. however, another major advantage is that in this setup, the fluorescent product is determined at a fixed time from the start of the reaction. It is known that the bm3 mutants m02 and m11 display a very high initial activity during the first 50 s of benzyloxyresorufin O-dealkylation, which is followed by a decrease to a slower rate of metabolism as was determined in stopped-flow experiments. 28 In the continuous-flow setup, enzyme, substrate, and cofactor are mixed on-line in a reaction coil at the end of which the product formation is measured after 0.83 min (50 s). at this time point, the enzyme is still in its high initial activity phase. In the off-line microplate fashion enzyme, substrate and cofactor are mixed manually, after which the reaction mixture is placed in a microplate reader to monitor product formation in time. this setup makes it very difficult to start all the incubations simultaneously and therefore to standardize the time between the start of the reaction and the actual measurement of the aroD activity, which means that in the off-line microplate reader setup, it is very well possible that also the second slower activity phase is incorporated in the measurement.
BM3 affinity profiling in FIA mode. For the on-line profiling experiments, the affinity profiles of 6 bm3 mutants (m02, m11, m11 V87a, mt35, mt43, and mt80) resulting from the injection of a series of 30 compounds were determined in the optimized bm3 eaD setup. the results of these measurements are depicted in Figure 6 . the percentage of inhibition of the bm3 mutants by the different compounds was calculated as described above, and these data were used to make a correlation table, which is shown in table 2. Figure 6 clearly demonstrates that affinity differences exist between the mutants tested. significant differences where some mutants display high inhibition but others show (almost) no inhibition at all can be observed for the compounds thioridazine 10 , imatinib 12 , omeprazole 13 , paroxetine 15 , norethisterone 16 , resveratrol 17 , dihydrobenzophenone 18 , and Des 22 (the corresponding peak numbers are annotated in bold). the biggest differences between mutants can be found for m02, m11 V87a, and mt80, whereas m11, mt35, and mt43 display a high similarity in affinity profile. 25, 12.5, 18.8, 25, 37.5, 50, 62.5, 75, 100, 125, 150, 200, 250 , 300, 400, 500, and 600 pmol) were introduced into the system by flow injection into a carrier solution. the activity of the bm3 mutant m11 (20 nm) at a specific allyloxyresorufin concentration was determined by quantifying the fluorescent signal of the corresponding resorufin product peak formed. the resulting V/[s] curve is also depicted. FIG. 6. superimposed flow injection analysis (FIa) affinity traces measured for 6 different bm3 mutants. annotated bold compound numbers as listed in the materials and methods section correspond with the peak numbers (water blank 1 , Dmso blank 2 , second Dmso blank 33 , and second water blank 34 ). Peaks displaying more than a 10% inhibition increase compared to the first Dmso blank are marked by an asterisk (*). For an increase higher than 25%, peaks have been marked by a closed black circle. When the inhibition increase exceeded 50%, peaks have been annotated with an open square. 
BM3-mediated metabolism of buspirone
to investigate if on-line affinity profiling can be used as a tool to reflect changes in regiospecificity, the 6 selected bm3 mutants (m02, m11, m11 V87a, mt35, mt35, and mt80) were also used to perform metabolic incubations with the drug buspirone ( Fig. 7) , which was shown to be metabolized into multiple products by m02, m11, mt35, and mt43 in earlier experiments performed at our lab (data not shown). to estimate the metabolic efficiency of the different mutants, the percentage of conversion was calculated. the masses of the metabolites that were detected and the corresponding metabolite distributions for each compound and each bm3 mutant were characterized by using the UV/Vis, lc/ms, and ms/ms data obtained. metabolite structure assignments were based on comparison of the ms and ms/ms data with literature data. the results of the metabolism of the drug buspirone by the 6 bm3 mutants are displayed in table 3. For example, based on the UV/Vis data, the bm3 mutant m02 converts 20% of the starting material, and the distribution of the metabolites mb1, mb2, mb3, mb4, mb5, mb6, mb7, mb8, and mb9 is 18%, 33%, 2%, 23%, 9%, 1%, 2%, 9%, and 3%, respectively. From this table, it can be seen that significant differences exist in the distribution of the metabolites of the drugs for the tested mutants.
buspirone was metabolized into a total of 10 products. six monohydroxylated products, mb1 to mb6 (m/z 402; [m+h] + ); 3 dihydroxyl metabolites, mb7 to mb9 (m/z 418; [m+h] + ); and 1 N,N-desethyl metabolite, mb10 (m/z 360; [m+h] + ), were formed by the different mutants. again, the distribution profiles of m11, mt35, and mt43 were very similar but differed significantly from the metabolite distributions obtained with the other 3 mutants. according to their ms/ms spectra, for mb1, mb2, and mb3, monohydroxylation occurred on the azaspirone decane dione (aDD) part of the molecule. the presence of very intense loss of water points to the hydroxylation site being in the cyclopentane part of the aDD. For mb4, it is clear that hydroxylation has not occurred on the 2-(piperazin-1-yl)pyrimidine (PyP) part of the molecule. the unique mass fragment at m/z 210 indicates that hydroxylation might have taken place on the aliphatic chain between the aDD and PyP parts of the molecule. the ms/ms spectrum of mb5 indicates that hydroxylation has taken place on the aromatic ring of the PyP part, and based on the results of zhu et al., 37 this metabolite is identified to be 5-oh-buspirone. the product ion spectrum of mb6 is consistent with the structure of the N-oxide on the piperazine ring because the significant loss of an oxygen from the N-oxide group led to the formation of unique fragments at m/z 177 and 277. the ms/ms spectra of the 3 dihydroxymetabolites, mb7 to mb9, are all very similar and indicate that for all 3 metabolites, hydroxylation has been performed on both the aDD and the PyP parts of the molecule. mb10 was identified to be the N,N-desethylbuspirone metabolite. 38 significant changes in the metabolite distributions of the drug buspirone were found after enzymatic incubations of this drug with 6 structurally diverse bm3 mutants. the metabolite distribution profiles were used to make a correlation table, which is shown in table 4. Very high correlations were found between m11, mt35, and mt43, which is in good agreement with the results of the affinity-profiling experiment. Very low correlations were found between m02 and the other mutants, which also is in agreement with the result of the affinityprofiling experiment where m02 displayed the lowest overall correlation. these findings suggest that the binding orientation of the substrates might be different, which results in the formation of altered metabolite distributions.
concLuSIon the present study clearly demonstrates that a continuousflow bioassay setup can be used to screen bm3 libraries for diversity. the screening strategy used was based on the inhibition of bm3-mediated O-dealkylation of the alkoxyresorufin 7-allyloxyresorufin to form the highly fluorescent resorufin. It was shown that the continuous-flow setup could also be used to measure activities of a library of bm3 mutants toward the substrate allyloxyresorufin by injection of enzyme fractions. Furthermore, the setup could be used to successfully determine enzyme kinetics on-line by injection of different concentrations of substrates. the optimized bm3 eaD assay was shown to be stable and reproducible and was used to determine affinities for 6 mutants toward a total of 30 xenobiotics. the tested bm3 mutants displayed significant differences in affinity profiles, and these differences could be correlated with changes in metabolite distribution for the drug buspirone.
In conclusion, the relatively simple screening methodology described in this article will be a useful tool for research aiming at identification of bm3 mutants with improved activity and catalytic diversity with respect to substrate selectivity and regioselectivity. In addition, this methodology will also be generally applicable for enzymes for which fluorescent substrates are available. 
